Here we present evidence for a physiologically relevant light response mediated by the LOV domaincontaining protein YtvA in the soil bacterium Bacillus subtilis. The loss and overproduction of YtvA abolish and enhance, respectively, the increase in B -controlled ctc promoter activity at moderate light intensities. These effects were absent in the dark and in red light but present under blue-light illumination. Thus, activation of the general stress response in B. subtilis is modulated by blue light.
regulon can be subdivided into a number of functional categories, including proteins involved in transcriptional regulation, cell protection (carotenoid synthases and catalases), influx and efflux (transporters and permeases), carbon metabolism, and macromolecular turnover (15) . The transcription factor B is regulated by a very complex signal transduction cascade in which several Ser/Thr kinase plus phosphatase couples play a key role. One of the proteins involved in this cascade is YtvA. Introduction of a null mutation of this protein into B. subtilis results in a twofold decrease in B -regulated gene expression in response to salt, ethanol, or nutritional stress (1) . YtvA is a 261-amino-acid polypeptide composed of an N-terminal LOV (light, oxygen, and voltage) domain and a C-terminal STAS (sulfate transporter and anti-sigma factor antagonist) domain (2, 13) . The STAS domains have also been identified in other members of the family of regulators of the environmental signaling pathway that activates B (2) . The most important members of the family of LOV domaincontaining proteins from plants are the phototropins (5). They act as photoreceptors in higher plants to direct a number of physiological responses, such as phototropism, chloroplast relocation, and stomatal opening (6) . Most of them contain two photoactive LOV domains at the N terminus which control the activity of a C-terminal serine/threonine kinase domain (9) . Genes encoding LOV domain proteins have also been identified in green algae and bacteria (12) . All LOV domains show strong mutual similarity and couple light sensing to diverse output domains, such as kinases, phosphodiesterases, transcription factors, and regulators of stress-responsive sigma factors (12) . Interestingly, proteins containing the combination of a LOV domain and a STAS domain have also been found in a number of other gram-positive bacteria, including
Oceanobacillus iheyensis, Listeria monocytogenes, and Listeria innocua (12) .
The YtvA LOV domain contains a noncovalently bound flavin mononucleotide, which results in a yellow protein with absorption peaks at 375, 449, and 475 nm (13) . Upon blue-light illumination, YtvA undergoes a photocycle that includes the formation of a signaling state with a thiol adduct between flavin mononucleotide C4 and Cys62 of the protein backbone (3, 13, 14) . The rate of ground state recovery of YtvA is ϳ4 ϫ 10 Ϫ4 s Ϫ1 (14) , which indicates that a photosensory function of YtvA would saturate already at low light intensities.
The presence of both a LOV domain and a STAS domain in YtvA suggests that this protein could be a photoreceptor for light-regulated B activation. However, no in vivo evidence has been presented to date for a light-induced physiological response that is regulated by YtvA or any of the other bacterial LOV proteins. Here we report the first evidence for a physiologically relevant light response in B. subtilis: blue-light-dependent activation of B via the LOV domain protein YtvA. To study a possible photoreceptor function of YtvA, we used transcriptional fusion strains of B. subtilis which report B activity through ␤-galactosidase activity under the control of the ctc promoter (P ctc -lacZ) (1, 4) . We subjected the wild-type (PB198) and ytvA null (PB565) reporter strains to salt stress in early logarithmic growth phase as described by Akbar et al. (1) in order to induce the B response. First, we compared activities under these conditions in the dark and with moderate white light illumination of 50 microeinsteins m Ϫ2 s Ϫ1 . Strains were cultured in TSB (30 g liter Ϫ1 tryptic soy broth) liquid medium supplemented with 0.5% glucose and 6 g/ml chloramphenicol. Overnight cultures were diluted 1,000-fold in the same prewarmed medium in a final volume of 10 ml and incubated at 37°C and 250 rpm. Both strains were exposed to NaCl with a 0.3 M end concentration at an optical density at 600 nm (OD 600 ) of 0.3. After 40 min, ␤-galactosidase activities were measured and expressed in Miller units as described previously (11) . Light exposure of the salt-stressed wild-type strain led to higher levels of ␤-galactosidase activity (12.0 Ϯ 0. These results indicate that YtvA mediates a light-dependent B response. As the observed differences in ␤-galactosidase activity were relatively small and only clearly observable upon induction with salt stress, we checked the light-dependent control of B activity in a strain that overproduces YtvA. We introduced the pYtvA vector, which contains ytvA under the control of the isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible spac promoter, into PB198 ( Table 1 ). The pYtvA plasmid was obtained by inserting the PCR product, coding for the full-length protein (the primers and the strain used for template DNA are described in Table 1 ), into the shuttle vector pDG148-Stu by ligation-independent cloning (10). The construct was verified by DNA sequencing; it showed the correct insertion and a 100% match with the ytvA gene sequence (identification no. 937254). B. subtilis strains PB198/pDG148-Stu and PB198/ pYtvA were cultured in TSB glucose with 10 g/ml kanamycin. Overnight cultures were diluted 100-fold in 16 100-ml Erlenmeyer flasks (eight cultures in duplicate; Fig. 1 contains more  details) . Half of the cultures were exposed to moderate whitelight intensities as described above. The other half were covered with aluminum foil to prevent light exposure. During growth in the light and dark, the temperature was kept at 37°C.
At an OD 600 of 0.3, four illuminated and four dark cultures were induced with IPTG (1 mM final concentration) and cultured-together with the eight noninduced cultures-for another 4 h. ␤-Galactosidase activity was determined at 30-min intervals. As shown by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, an overproduced protein with a molecular mass close to that of YtvA (the calculated mass is 29,194.5 Da) was clearly observable 3 h after induction (Fig. 2) . The growth rates of the two strains used were not substantially affected by the addition of IPTG and/or illumination ( Fig. 1A and B) . Approximately 180 min after induction, the ␤-galactosidase activity of each strain, under every growth condition tested, increased ( Fig. 1C and D) because cells entered the stationary phase, which is known to activate B (4, 17) . Nevertheless, PB198/pYtvA ␤-galactosidase activities significantly increased in the logarithmic growth phase, from around 60 min after induction, but only in the presence of IPTG and light (Fig. 1D,  open squares) . This indicates that the overproduced YtvA protein is activated by light, resulting in an increase in the B response. Minor but significant increases in ␤-galactosidase activity were observed as well from approximately 180 min onward in two other cultures (Fig. 1D) . We attribute the increase in ␤-galactosidase levels with IPTG (filled squares) to the residual activity of YtvA in the dark. The small increase in the absence of IPTG and the presence of light (open triangles) probably resulted from leakage from the P spac promoter. Relatively small differences in ␤-galactosidase activities between light and dark cultures were observed as well in cells that harbor the shuttle vector without the ytvA gene (Fig. 1C) . We ascribe this small, light-induced rise in ␤-galactosidase activity to YtvA expressed from the chromosomal copy of the ytvA gene. In an additional experiment, we exposed cultures of the PB198/pYtvA strain to blue and red light with intensities of 30 microeinsteins m Ϫ2 s Ϫ1 under the same growth conditions as described for the experiment presented in Fig. 1 . The results clearly show that blue and not red light induces B activity (Fig.  3) . This is in agreement with the blue-light-absorbing characteristics of YtvA (13) .
In summary, here we report the first photoreception function for a bacterial LOV protein and also the first evidence of light activation of B in Bacillus subtilis. Consequently, this function could be proposed for the other identified bacterial LOV-STAS proteins as well. Interestingly, in B. subtilis and B. licheniformis a photoresponse has been described that gives rise to a light-induced delay in sporulation (16) . Sporulation in B. subtilis is controlled by a pathway that regulates the activity of the sporulation transcription factor F . The transcription factors B and F are controlled by proteins that are paralogous between the two pathways, and under certain conditions cross talk between these pathways has been observed (5). A fascinating extension of the role of YtvA as a photoreceptor for the light regulation of sporulation is currently under investigation in our laboratory. We are very grateful to Alex Ter Beek for initial work on this project and to Chester Price for kindly donating the PB198 and PB565 B. subtilis strains.
ADDENDUM
Consistent with the findings presented here, recent work by Gaidenko et al. shows that Cys62, a residue critical for the photochemical reactions displayed by LOV domain proteins, is important for the positive regulatory role of YtvA (7) 
